■ INTRODUCTION
Rechargeable Na-ion batteries have enjoyed a resurgence of interest in recent years, 1−4 propelled in part by concerns about the global availability of lithium, and also by the exciting possibility of novel chemistries. Though significant advances have been made in the development of Na-ion cathodes and anodes, 5−7 a major impediment to the commercial viability of rechargeable Na-ion batteries is the lack of an effective electrolyte. Current Na-ion electrolytes are mostly based on the same fundamental chemistry as Li-ion electrolytes, a mixture of cyclic and linear organic carbonates with a Na-salt. 8 Such organic solvent-based liquid electrolytes are flammable and have limited electrochemical windows.
9−12
A promising alternative architecture is all-solid-state Na-ion battery utilizing nonflammable ceramic Na superionic conductor electrolytes. Na solid electrolytes such as β-alumina and NAtrium Superionic CONductors (NASICON) are wellstudied, but they typically exhibit reasonable ionic conductivities only at higher temperatures. 7,13−16 An exciting recent development is the discovery of the cubic phase of Na 3 PS 4 (c-Na 3 PS 4 , space group: I4̅ 3m) in 2012. 14 Initially reported to have a Na + conductivity of 0.2 mS/cm, 14 Hayashi and co-workers were able to subsequently enhance the conductivity of c-Na 3 PS 4 to 0.46 mS/cm using crystalline Na 2 S with high purity of over 99% followed by heat treatment. 17 Further efforts at optimizing the conductivity within the (1 − x)Na 3 PS 4 ·xNa 4 SiS 4 pseudobinary system yield a maximum ionic conductivity as high as 0.74 mS/cm at x around 0.06. 18, 19 Recent first-principles work also shows that Na 3 PS 4 is likely to have favorable elastic properties that allow good electrode contact to be achieved with cold-press sintering. 20 c-Na 3 PS 4 is therefore a promising solid electrolyte candidate, particularly if its ionic conductivity is further improved with proper doping strategies. Using first-principles computational methods, one can rapidly investigate the microscopic mechanisms of diffusion in c-Na 3 PS 4 and the effect of doping on its overall conductivity. 21, 22 The insights gained from such an exercise would not only guide further optimization, but also provide important insights for design of other novel Na superionic conductors.
In this article, we performed a first-principles investigation of the phase stability and Na + ionic transport in undoped and M 4+ -doped (M = Si, Ge, and Sn) c-Na 3 PS 4 . We demonstrate that pristine c-Na 3 PS 4 is in fact an extremely poor ionic conductor, but with the introduction of Na + interstitials, a reasonably high conductivity can be achieved. We further demonstrate that 6.25% doping of Si 4+ for P 5+ with the concomitant introduction of compensating Na + interstitials result in Na 3+x Si x P 1−x S 4 with predicted Na + conductivities that are in excellent agreement with previous experimental results.
Furthermore, we show that increased Si 4+ doping (from x = 0.0625 to 0.125) and Sn 4+ doping can potentially achieve even higher conductivities.
■ METHODS
All calculations were performed with the Vienna Ab initio Simulation Package (VASP), 23 within the projector augmented wave (PAW) approach. 24 The Perdew−Burke−Ernzerhof (PBE) generalizedgradient approximation (GGA) 25 was adopted for the exchangecorrelation functional. Other parameters such as kinetic energy cutoff, k-mesh were carefully chosen under different situations to ensure the convergence of energies while keeping the computational cost reasonable, as detailed in the subsections below. The Python Materials Genomics (pymatgen) materials analysis library 26 was used for all analyses.
Phase Stability. Cubic Na 3 PS 4 (I4̅ 3m) has two symmetrically distinct Na sites: the 6 b site (Na1) with a partial occupancy of 0.8, and the 12 d site (Na2) with a partial occupancy of 0.1 ( Figure 1a ). 19 Structural optimizations were carried out on all symmetrically distinct orderings of the primitive cell enumerated using the algorithm of Hart et al. 27 We then selected the lowest energy configuration in subsequent calculations.
We also studied Na 3+x M x P 1−x S 4 with M = Si, Ge, and Sn in this work. Since the maximum ionic conductivity reported by Hayashi et al. 18, 19 was achieved with Si/P ratio equal to 6:94, an initial value of x = 0.0625 was chosen to mimic the reported dopant concentration. The doped systems were constructed using a 2 × 2 × 2 supercell of the conventional unit cell of c-Na 3 PS 4 , in which one P 5+ is replaced by M 4+ (Si, Ge, or Sn) and a Na + added to maintain overall charge neutrality. For M = Si, we also studied the effect of dopant concentration by doubling x to 0.125 with corresponding increase in Na + concentration. The calculation parameters used (spin-polarized, kinetic energy cutoff of 520 eV and k-point density of 1000 per atom) are consistent with those used in the Materials Project (MP). 28 The phase stabilities of c-Na 3 PS 4 and Na 3+x M x P 1−x S 4 were investigated by constructing the Na−M−P−S phase diagrams 29 using precomputed energies of existing Na x P y S z and Na w M x P y S z compounds in the MP database extracted via the Materials Application Programming Interface. 30 To ensure a good coverage of the Na−P−S chemical space, we also performed S for O substitution of all Na−P−O and Na for Li substitution of all Li−P−S compounds and included the Na 4 P 2 S 6 and Na 2 P 2 S 6 structures that were reported recently. 31, 32 For all materials of interest, we computed the decomposition energy (also known as the energy above hull), E decomp , of each phase of interest to the most stable linear combination of equilibrium phases in the Na−P−S or Na−M−P−S phase diagram. 29 Stable phases would have an E decomp of 0, while the higher the E decomp , the more unstable a phase is.
Correction for Sulfur. In our investigations, we found that the binding energy of ground state sulfur (monoclinic S 8 ) is significantly overestimated by the PBE functional, similar to the well-known overbinding observed for the O 2 molecule. 33 Following a similar methodology as that proposed by Wang et al., we have fitted a correction for sulfur using the formation energies of main group sulfides (see Supporting Information). This correction, which corrects for both the overbinding as well as the incomplete self-interaction error cancellation in going from S 8 to S 2− , is estimated to be −0.66 eV per S atom and is applied to all subsequent analyses. This correction will be incorporated into the Materials Project to improve predicted sulfide formation energies. Dopant Formation Energy. Neutral dopant formation energies were calculated using the formalism presented by Wei et al.
where E tot [M] and E tot [bulk] are the total energies of the structure with and without the neutral dopant M, respectively; μ i is the atomic chemical potential of species i that varies based on different experimental conditions; n i indicates the number of atoms of species i being added (n i > 0) or removed (n i < 0) from the pristine structure. μ i can be defined as μ i = E i + Δμ i , where Δμ i is the chemical potential of species i referenced to the elemental solid/gas with energy E i . In the case of Na 3+x M x P 1−x S 4 with M = Si, Ge, and Sn, and x = 0.0625, the formation of the defect structure involves an addition of the dopant M 4+ and a Na + interstitial, together with the removal of a host P 5+ ion. The corresponding formation energy E f can be expressed as follows:
Additional constraints can be applied to the atomic chemical potentials μ i under equilibrium growth conditions. First, to avoid precipitation of the elemental M, Na, P, and S, Δμ i ≤ 0. Second, to maintain a stable c-Na 3 PS 4 framework structure during synthesis
where E f [Na 3 PS 4 ] is the formation energy of the pristine c-Na 3 PS 4 per formula unit (f.u.). Third, possible secondary phases formed between the dopant M and the framework structure are to be avoided as well.
In the case of Na 3+x Si x P 1−x S 4 with x = 0.0625, for example, the formation of the possible secondary phase Na 4 SiS 4 , as indicated in Table 1 , should be avoided. This leads to the following inequality:
where E f [Na 4 SiS 4 ] is the formation energy of Na 4 SiS 4 . The lower bound of the dopant formation energy can be directly estimated using the above formalism and is equal to
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and E decomp [bulk] are, respectively, the decomposition energies of the M-doped and pristine c-Na 3 PS 4 . 35, 36 Unless mentioned explicitly, the calculated dopant energies presented in the next section refer to this lower bound.
Ab Initio Molecular Dynamics Simulations. The diffusivities and conductivities of the pristine and doped c-Na 3 PS 4 structures were calculated using ab initio molecular dynamics (AIMD) simulations. Apart from the aforementioned doped structures, defect structure where a single Na + excess is introduced was also studied by removing an electron with a compensating background charge. In all simulations, the lowest energy configurations with a unit cell size equivalent to that of the 2 × 2 × 2 c-Na 3 PS 4 were selected.
Similar AIMD simulation parameters were used as per previous work by the authors. 21, 37 Nonspin-polarized AIMD simulations were conducted in the NVT ensemble at 800−1400 K with a Nose−Hoover thermostat. 38, 39 A smaller plane-wave energy cutoff of 280 eV and a minimal Γ-centered 1 × 1 × 1 k-point mesh were adopted. The time step of the simulations was 2 fs. The initial structure was fully relaxed at 0 K, and the volume was fixed for AIMD simulations at elevated temperatures until the diffusivity is converged. No framework melting was observed in all simulations. All calculations were automated using an in-house AIMD workflow. 40, 41 The central quantity obtained from each AIMD simulation is the Na ion diffusivity that can be expressed as
where d is the dimensionality factor and equals 3 for 3-D crystal structures, and ⟨[Δr(t)] 2 ⟩ is the average mean square displacement (MSD) over a time duration t.
The diffusivity was obtained by performing a linear fitting of the MSD vs 2dt. The Arrhenius plots were constructed to determine the activation energies and obtain extrapolated room-temperature diffusivities D 300K . The room-temperature Na ion conductivity σ 300K can then be derived from the Nernst−Einstein equation as follows:
where ρ is the molar density of diffusing Na ions in the unit cell; z = +1 is the charge of Na ions; and F and R are the Faraday's constant and the gas constant, respectively. T = 300 K was used in the above equation. It should be noted that the Nernst−Einstein relation applies only for uncorrelated species diffusion. The implication of correlated motion will be discussed in the Discussion section. van Hove Correlation Function Analysis. To investigate the correlations in the Na ionic motions, we calculated and plotted the van Hove correlation function using trajectories from our AIMD simulations, which can be split into the self-part G s and the distinctpart G d as follows:
Here, δ(·) is the one-dimensional Dirac delta function. The angular bracket stands for the ensemble average over the initial time t 0 . r i (t) denotes the position of the ith particle at time t. N d and r are the number of diffusing Na ions in the unit cell and radial distance, respectively. The presence of the average number density ρ serves as the "normalization factor" in G d such that G d → 1 when r ≫ 1. For a given r and t, G s (r, t) describes how probable a particle diffuses away from its initial position by a distance of r after time t, whereas G d (r, t) describes the radial distribution of N − 1 particles after time t with respect to the initial reference particle. In particular, G d (r, t) is reduced to the static pair distribution function when t = 0.
■ RESULTS Phase Stability Analysis. c-Na 3 PS 4 belongs to the I4̅ 3m space group with a lattice parameter of 6.9965(9) Å. 19 It is the high-temperature phase of the tetragonal Na 3 PS 4 (t-Na 3 PS 4 ). The lattice parameters for t-and c-Na 3 PS 4 differ only by around 0.1 Å, and the experimental transition temperature from tNa 3 PS 4 to c-Na 3 PS 4 is around 540 K. 14, 42 The major difference is that the tetragonal phase is an ordered structure, whereas the cubic phase is disordered with two distinct sodium sites.
The E decomp and the corresponding equilibrium phases for the undoped and doped c-Na 3 PS 4 phases are listed in Table 1 . For the undoped c-Na 3 PS 4 , our calculation predicts its E decomp to be only 5 meV/atom, with t-Na 3 PS 4 being the stable phase. This result is consistent with previous experimental data that the cubic phase is the metastable phase that is likely entropically stabilized.
14 With the introduction of a Na + interstitial, we find that the Na sites redistribute to maintain an approximately even distribution within a chain, leading to Na atoms that are slightly displaced from the Na1 and Na2 positions (Figure 1b) .
Our results show that at x = 0.0625, the E decomp of the M 4+ -doped structures are 13 meV/atom for M = Si and Ge, and 15 meV/atom for Sn, respectively. The relatively low decomposition energies indicate that though these doped structures are metastable at 0 K, they can potentially be stabilized at room temperature by entropic effects. This is in qualitative agreement with the synthesizibility of Si-doped Na 3 PS 4 with similar dopant concentration in experiments. 18 At a higher Si dopant concentration with x = 0.125, the resulting E decomp increases to 30 meV/atom, indicating that the structure is more unstable. For Si, Sn-doped structures, the predicted equilibrium phases are t-Na 3 PS 4 and Na 4 MS 4 (M = Si, Sn), while the Ge-doped structure has the equilibrium phases of Na 6 Ge 2 S 7 , Na 2 S, and tNa 3 PS 4 . Note that the sulfur energy correction does not affect the decomposition products in the systems studied in this work. This is because the t-Na 3 PS 4 and Na 4 SiS 4 remain stable before and after the sulfide correction.
Dopant Formation Energies. The dopant formation energy is an important quantity that measures the synthesizibility of the materials with dopants. The dopant formation energies of all dopants studied are tabulated in Table 1 . At x = 0.0625, we find relatively low doping energies of 1.04 eV for both 6.25% Ge and Si doping compared to 6.25% Sn doping (1.32 eV) or 12.5% Si doping (1.65 eV). We note that Si doping in c-Na 3 PS 4 was experimentally achieved for x up to 0.1. Since the dopant formation energy of 6.25% Sn lies between the dopant formation energies of 6.25% and 12.5% Si doping, we expect that 6.25% Sn-doping of c-Na 3 PS 4 to be achievable experimentally. Probability Density and Site Occupancy. The probability density distribution defined on a uniform 3-D grid, namely, P(r), is a powerful tool for investigating the ion diffusion of a given species. Two important pieces of information can be obtained from the distribution: (1) high probability sites where the ions tend to reside, which correspond to the low-energy sites in the structure, (2) the pathways of the ions among the low-energy sites. 43 In this work, P is obtained by first counting the number of Na ions at each point in the spatial uniform grid within a given time scale. A time averaging is then performed for P. Also, P is normalized such that ∫ Ω Pdr = 1 with Ω being the volume of the unit cell. We define the maximum of P(r) as P max . Figure 2 shows the isosurfaces of probability density distributions for Na ions in Na 3+x Si x P 1−x S 4 (x = 0.0625) at 800 K (the lowest temperature at which the AIMD simulations were performed) at various cutoffs. In general, the P(r) are fairly similar across all systems investigated. As expected, we find that the high probability density positions correspond to the high occupancy (low energy) Na1 sites. As the cutoff is decreased, the isosurfaces show that the Na1 sites are connected to one another via the lower occupancy Na2 sites. We may therefore surmise that the Na2 sites are local minima sites with non-negligible occupation probability that help mediate Na + transport in this structure. We also calculated the average site occupancies of the different Na sites at 800 K. The site occupancies for the Na1 and Na2 sites for the Na 3+x Si x P 1−x S 4 (x = 0.0625) are 0.76 and 0.13, respectively, which are fairly close to the reported site occupancies of 0.8 and 0.11, respectively. 19 The deviations between the calculated occupancies and experiments are likely due to the fact that the AIMD simulations are carried out at higher temperatures (800 K) compared to experiments (300 K). Similar trends are observed for Ge-doped, Sn-doped, and Na-excess c-Na 3 PS 4 (see Table S1 in Supporting Information). For the pristine c-Na 3 PS 4 , the average site occupancy for Na2 is less than 0.1 even at 800 K. Na + Conductivity. Figure 3 shows the Arrhenius plots of the log of the diffusivity, D, versus the reciprocal of the temperature, 1000/T, for the systems of interest. Diffusivities at six temperatures (800, 900, 1000, 1100, 1200, and 1400 K) are plotted for all systems except for pristine c-Na 3 PS 4 where simulations at only four temperatures were run. Table 2 summarizes the extrapolated diffusivities D 300K and ionic conductivities σ 300K , including the error range for σ 300K .
From Figure 3a , we may observe that the calculated Na + conductivity is extremely low (1.1 × 10 −4 mS/cm) and the activation barrier is extremely high (537 meV) in the pristine cNa 3 PS 4 material. The introduction of a Na + interstitial increases the conductivity by 4 orders of magnitude to 1.06 mS/cm, while the activation energy decreases to 256 meV. In practical materials, aliovalent doping is a common approach to modifying the Na concentration. In c-Na 3 , and Si
4+
. The Arrhenius plots for doped Na 3+x M x P 1−x S 4 with different values of M and x are given in Figure 3b , and the corresponding room-temperature conductivities and activation energies are reported in Table 2 as well. In general, we observe that similar Na + concentrations tend to result in similar conductivities (e.g., for x = 0.0625 in the Na-excess, Si-doped, and Ge-doped cases), indicating that this is the dominant factor influencing the overall ionic conductivity. The predicted room-temperature Na + conductiv- Figure 2 . Isosurfaces (blue) of Na ion probability density distribution P for Na 3+x Si x P 1−x S 4 (x = 0.0625) at 800 K. Remarkably, the Sn-doped c-Na 3 PS 4 is predicted to have a significantly higher Na + conductivity of 10.7 mS/cm compared to the other doped structures. The activation energy for diffusion in this material is also the smallest at 171 meV. We also investigated the effect of different dopant concentrations in the case of the Si-doped structure. From Figure 3b and Table 2 , we may observe that higher doping concentrations can potentially enhance the Na + conductivity further to 2.99 mS/ cm, though at the cost of increased dopant formation energy and decreased phase stability (see Table 1 ).
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Channel Size, Channel Volume, and van Hove Function. Using the open source Zeo++ software, 44, 45 we performed a topological analysis of all systems of interest. In all these materials, Na ions were removed from the relaxed structures to compute the largest radius of the free sphere that can pass through the remaining structure formed by framework cations and anions (P 5+ , S 2− , and M 4+ ), which is defined as "channel size" and shown in Table 2 . In general, the channel sizes for all cases are very similar to the difference of no more than 0.03 Å. At a dopant concentration of x = 6.25%, both Geand Sn-doped structures have the largest channel sizes.
Using the ionic trajectories from AIMD simulations at 800 K, we also calculated the average channel volumes of all systems investigated. This quantity is defined as the unit cell volume minus the volume of the framework polyhedrons (PS 4 or MS 4 ), and it describes the "free volume" for Na ions during the diffusion. The results are given in Table 2 . We find that the channel volumes in all doped structures are very similar to each other, with the exception of Sn-doped structure where the channel volume is more than 4% higher than those in the rest of the cases. Figure 4 presents the distinct part of the van Hove correlation function G d for each doped-structure at 800 K. Figure 4 . Plots of the distinct-part of the van Hove correlation function (G d ) for Na 3+x M x P 1−x S 4 at 800 K. G d is a function of the Na−Na pair distance r and time t. Our calculations show that G d of all the doped structures always exhibit a pronounced peak at the proximity of r = 0, indicating that the Na ion motions in these materials are highly correlated. The correlated motion in the Sn 4+ doped structure (Figure 4c ) takes place sooner than the other doped structures with the same dopant concentration. This is in accordance with the higher diffusion coefficient found in this structure. In fact, we observe a large amount of single Na + hops between neighboring Na1 and Na2 sites within a 1 ps time scale as well as correlated hops between adjacent Na ions in our AIMD trajectories.
■ DISCUSSION c-Na 3 PS 4 is a highly promising sodium superionic conductor whose ionic conductivity can be further enhanced by aliovalent doping. In this work, we conducted a comprehensive investigation of the phase stability, dopant formation energies, and Na + conductivities of pristine and doped c-Na 3 PS 4 , with the aim of understanding the reasons for its high conductivity and elucidating potential strategies to further push its conductivity beyond 1 mS/cm.
Our work shows that Na disorder induced by Na excess is key to the high ionic conductivity in c-Na 3 PS 4 . We find that stoichiometric c-Na 3 PS 4 has a very low ionic conductivity, which is similar to reported value of t-Na 3 PS 4 .
42 Stoichiometric c-Na 3 PS 4 also has relatively low occupancy on the Na2 site (<0.1 at 800 K), similar to t-Na 3 PS 4 . Both these observations are not surprising, given the small differences in lattice parameters between t-and c-Na 3 PS 4 . It is only when the Na + interstitials are introduced to c-Na 3 PS 4 that the Na2 site occupancy increases and the Na + conductivity increases appreciably to the 0.1−1 mS/cm levels observed experimentally.
With these results in mind, it is therefore somewhat surprising that the initially reported ionic conductivity of pristine c-Na 3 PS 4 by Hayashi et al. is as high as 0.2 mS/cm. 14 We speculate that there may have been doped impurities in the original sample, e.g., from the carbon electrodes or Zr, resulting in Na excess. It should be noted that Hayashi et al. specifically excluded Zr as a possible contaminant, and the calculated dopant formation energy of 6.25% Zr doping is estimated to be 1.45 eV/f.u., substantially higher than that for 6.25% Si doping (1.04 eV/f.u.). The fact that the same authors were subsequently able to obtain a significant increase in conductivity to 0.46 mS/cm using a Na 2 S precursor with high purity 17 further supports the hypothesis that Na + interstitial defects are crucial to achieving high Na + conductivity in this structure. Though a purer Na 2 S does not necessarily mean Na + interstitials will be formed, a less pure Na 2 S precursor can potentially result in Na deficiency and reduce the likelihood of forming Na + interstitials. The increase in conductivity with the introduction of Na + interstitials is likely caused by the increased Coulombic repulsion between Na + , leading to a redistribution that causes Na to be slightly displaced from the Na1 and Na2 positions. We speculate that this redistribution leads to a shallow energy landscape that promotes the cooperative motion of Na, leading to lower activation barriers and increased conductivity. The van Hove correlation function analysis, which indicates that correlated Na motion happens within a relatively short time scale, supports this hypothesis. Indeed, the higher the conductivity (e.g., in Sn-doped c-Na 3 PS 4 ), the shorter the time scale in which correlated motion occurs.
A typical strategy to introduce Na + interstitials is through aliovalent substitution of M 4+ for P 5+ in c-Na 3 PS 4 . At a Si doping concentration of 6.25%, the predicted room-temperature Na + conductivity of 1.66 mS/cm is in excellent agreement with the reported experimental conductivity of 0.74 mS/cm for 0.94Na 3 PS 4 ·0.06Na 4 SiS 4 reported by Tanibata et al. 18, 19 At a higher Si doping concentration of 12.5%, the predicted Na + conductivity further increases to 2.99 mS/cm, but the dopant formation energy increases substantially. This increased dopant formation energy is a possible reason why Tanibata et al. reported "unknown secondary phases" at doping concentrations beyond 10%. 18, 19 Among the M 4+ dopants investigated, our calculations indicate that a particularly promising candidate for further investigation is Sn-doped structure. Na 3.0625 Sn 0.0625 P 0.9375 S 4 is predicted to have a much higher Na + conductivity of 10.7 mS/ cm, while the dopant formation energy is only slightly higher than Si doping at a similar concentration. Given that Si doping in c-Na 3 PS 4 as high as 10% have been achieved experimentally, 6.25% Sn doping should be achievable. As of now, we can only speculate on the reasons why there is such a significant difference in conductivity between Sn versus Si doping. Topological analyses find that the Sn-doped structure has a slightly larger channel size and free channel volume for Na + diffusion than the Si-doped structure. However, a similar relative difference in channel size and volume in the Li 10 MP 2 S 12 (M = Si, Ge, and Sn) superionic conductor 26 leads to the opposite trend in Na + conductivity of Si > Sn. It may be that such different trends are the result of (a) the different dimensionality of diffusion in Li 10 MP 2 S 12 systems (quasi 1D) and doped Na 3 PS 4 systems (3D), and (b) the different diffusing species, i.e., Li + in Li 10 MP 2 S 12 and Na + in c-Na 3 PS 4 . It is our hope that future experiments will verify if the Sn-doped structure can be synthesized, and if it does indeed exhibit higher conductivities than the Si and Ge-doped structures.
It should be noted that eq 6 provides a good estimate of the diffusivity only in the case of uncorrelated diffusion. The degree to which ionic motion is correlated is frequently described using the Haven ratio, H R , which is defined as the ratio of the tracer diffusivity to the charge or dc diffusivity. 46, 47 We have not attempted to determine this ratio from AIMD due to the extremely slow convergence of the charge diffusivity. Nevertheless, typical H R values for similar highly correlated diffusion systems are in the range of 0.3−0.6 (e.g., H R [Li 10 SnP 2 S 12 ] ≈ 0.3). 48 We therefore expect that the computed diffusivities and conductivities in this work to be lower bound estimates that are off by no more than a factor of 3 and that the qualitative trends should remain valid.
■ CONCLUSIONS
To conclude, we have performed a comprehensive investigation of the phase stability, dopant formation energy, and Na + conductivity of c-Na 3 PS 4 and Na 3+x M x P 1−x S 4 (M = Si with x = 0.0625 and 0.125; M = Ge, Sn with x = 0.0625). Our results show that Na disorder induced by Na + excess is a key factor to enhancing the Na + conductivity in c-Na 3 PS 4 . Si
4+
, Ge 4+ , and Sn 4+ are all viable dopants to introduce Na + excess in c-Na 3 PS 4 for this purpose due to their relatively low dopant formation energies. Our calculated Na + conductivity of 1.66 mS/cm for 6.25% Si-doped c-Na 3 PS 4 is in an excellent agreement with experiments. We also find that the Na + conductivity can be further enhanced by increasing Si dopant concentration from 6.25% to 12.5%, but at the cost of much higher dopant 
